Lithium isotopes have attracted an intense interest because the predicted abundances of both 6 Li and 7 Li from big bang nucleosynthesis (BBN) do not match experimental observations. Many investigations of astrophysical observations and BBN calculations have been carried out in order to solve the puzzles. Several nuclear reactions involving lithium have been determined at HI-13 tandem accelerator, Beijing, China. The BBN model calculations are then performed to investigate the primordial lithium abundance. The result shows that these nuclear reactions have minimal effect on the primordial abundances of 6 Li and 7 Li.
Introduction
Since the pioneering work of M. Spite and F. Spite [1] , the lithium abundance in the metalpoor halo stars was confirmed as a plateau, independent of metallicity and effective temperature. Up to now, the most widely accepted interpretation is that the lithium observed in metal-poor stars has been produced in the big bang nucleosynthesis (BBN). According to the standard Big Bang model, the relative abundances of the light elements ( 1 H, 2 H, 3 He, 4 He, 6 Li, and 7 Li) depend on only one parameter, namely, the baryon to photon ratio η. Using the precisely determined η from cosmic microwave background fluctuations, the lithium to hydrogen ratio is predicted to be 7 Li/H = (4.2 ± 0.5)× 10 10 [2] , which is higher than that observed in metal poor halo stars by roughly a factor of three. Even worse, the recent claims of detection of isotope-shifted lithium absorption lines in a subset of the stars point to a 6 Li abundance some three orders of magnitude larger than that expected in BBN model [3] .
In order to solve the lithium problems from nuclear physics aspect, several nuclear reactions involving lithium, such as 6 Li(n, γ) 7 Li, 7 Li(n, γ) 8 Li, 8 Li(n, γ) 9 Li, 6 Li(p, γ) 7 Be, 6 He(p, γ) 7 Li, 6 He(p, n) 6 Li, 6 He(d, n) 7 Li, 8 Li(p, γ) 9 Be, 8 Li(p, d) 7 Li, 8 Li(p,t) 6 Li, 8 Li(d, p) 9 Li, 8 Li(d, n) 9 Be, 7 Be(d, 3 He) 6 Li, and 9 Be(p, α) 6 Li were measured at HI-13 tandem accelerator, Beijing. The rates of these nuclear reactions were deduced and then used in the BBN network calculations. Figure 1 shows the reactions network of BBN, which is modified from the standard BBN model code [4] . The reactions labeled with the dashed line are determined at China institute of Atomic energy in about ten years.
Experiments
The (n, γ) reactions were determined by measuring the angular distributions of single neutron transfer reactions. Where, the 6 Li(n, γ) 7 Li excitation function was deduced from the elastic transfer reaction of 7 Li( 6 Li, 7 Li) 6 Li [5] . The 6 Li(n, γ) 7 Li rates were derived to be (8.1 ± 0.6)× 10 3 cm 3 mol −1 s −1 at the energies of astrophysical interests. The angular distribution of 13 was measured and used to extract the 8 Li neutron spectroscopic factor with Distorted-Wave Born Approximation (DWBA) analysis. The 7 Li(n, γ) 8 Li cross sections are then deduced using the direct capture model calculations [6] . The angular distribution of the 8 Li(d, p) 9 Li reaction was measured at E c.m. = 7.8 MeV in inverse kinematics using coincidence detection of 9 Li and the recoil proton.
The neutron spectroscopic factor S 1,3/2 for 9 Li → 8 Li + n was derived to be 0.68 ± 0.14. The astrophysical 8 Li(n, γ) 9 Li reaction rate for the direct capture was then deduced to be 3970 ± 950 cm 3 mole −1 s −1 at T 9 = 1 [7] . The (p, γ) reactions play important roles in nuclear astrophysics, but it is very difficult to measure directly due to the small cross section at the energy of astrophysical interests. We determined the excitation function of (p, γ) from the measured angular distribution of one proton transfer reaction. The proton spectroscopic factor of 7 Li was extracted to be 0.42 ± 0.06 by normalizing the calculated differential cross sections with the distorted-wave Born approximation to the measured 2 H( 6 He, 7 Li)n angular distribution [8] . The 6 He(p, γ) 7 Li cross section was then deduced with the newly extracted 7 Li proton spectroscopic factor [9] . According to charge symmetry of Mirror nuclei, we can deduce the proton spectroscopic factor from the neutron spectroscopic factor or the nuclear asymptotic normalization coefficient (ANC) of its mirror nucleus. The astrophysical 6 Li(p, γ) 7 Be S-factors were derived with the deduced 7 Li neutron spectroscopic factor from 7 Li( 6 Li, 7 Li) 6 Li [5] . We determined the 8 Li(p, γ) 9 Be cross section by the angular distributions of 2 H( 8 Li, 9 Be)n and 13 C( 9 Be, 8 Li) 14 N. The spectroscopic factor of 9 Be = 8 Li + p was extracted to be 0.64 ± 0.21 with the angular distribution of 2 H( 8 Li, 9 Be)n reaction in 2006 [10] . However, Camargo et al. extracted the proton spectroscopic factor of 9 Be to be 1.50 ± 0.28 with the measured angular distribution of 9 Be( 8 Li, 9 Be) 8 Li elastic transfer reaction in 2008 [11] . Their value was larger than ours by a factor of 2. To clarify this discrepancy, we measured the angular distribution of 13 C( 9 Be, 8 Li) 14 N at HI-13 tandem accelerator this year, and the proton spectroscopic factor of 9 Be was extracted to be 0.73 ± 0.15. The result proved the correctness of the 9 Be proton spectroscopic factor and 8 Li(p, γ) 9 Be cross section extracted from the 2 H( 8 Li, 9 Be)n reaction.
The 4 He(2n, γ) 6 He(p, n) 6 Li reactions were supposed to be a way to increase the primordial 6 Li abundance. The angular distributions of 6 He(p, n) 6 Li reaction leading to the ground and 3.563
MeV 0 + states of 6 Li have been measured using the 6 He radioactive beam at energy of 4.17 AMeV [12] . The experiment reveals the proton-neutron halo structure of the secondary excited state of 6 Li, which was predicted by Arai et al. [13] . The dependence of the cross section as a function of energy in the center of mass frame is calculated with the nuclear reaction code Talys [14] . In the similar way, the excitation functions of 6 He(d, n) 7 Li, 8 Li(p, d) 7 Li, 8 Li(p,t) 6 Li, 8 Li(d, p) 9 Li, 8 Li(d, n) 9 Be, 7 Be(d, 3 He) 6 Li were deduced by the measured cross section in inverse kinematics [8, 15, 7, 16] .
The cross section of 9 Be(p, α) 6 Li was extracted by means of the Trojan horse method (THM) using the 2 H( 9 Be,α 6 Li)n reaction at a beam energy of 22.35 MeV [17] . In the analysis, 9 Be + 2 H → 9 Be + p + n was assumed as an intermediate process in the quasifree condition, and the deuteron is used as "Trojan Horse" nucleus. The cross section relation between two-body and three-body reactions given by THM was applied to extract the energy dependance of the two body cross section. The S(0) factor was then determined to be 21.0 ± 0.8 MeV b, which was in good agreement with the direct experiments [18, 19] . Furthermore, the electron screening potential energy U e was also been extracted by comparing the direct and THM data [17] .
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Network calculations
With the cross sections of the above mentioned reactions, the thermonuclear reaction rates ⟨σ v⟩ can be calculated by
where µ is the reduced mass of the system, E is the energy in the center of mass system, k is the Boltzmann constant, and T is the temperature in Kelvin. The reaction network calculations have been done with a modified code based on the computational routines of Wagoner [4] . The reactions involving four different nuclei may be depicted as
2)
N i, j,l,k is the number of nuclear i, j, l, k. The rate for the abundance change of any nucleus i is determined by the rate equation
where Y i is the mass fraction contained in nucleus i, [i j] k represents the reaction rate for the reaction between i and j, including the decay rate of nuclide i. The sum in Eq. (3.3) includes all reactions involving nucleus i. The evolution of the abundance for 6 Li, 7 Li and 7 Be of our calculations is shown in Figure  2 . In general, it was found that the added reactions slightly changed the lithium abundance at t < 1000 s, but have minimal effect at t > 1000 s. This may be attributed to the small binding energies of lithium. The detailed study showed that 6 Li(p, α) 3 He could have large effect for destroying 6 Li, 
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Study of the Primordial Lithium Abundances at CIAE Z. H. Li leading to the disappearance of the effect of the added reaction. The abundance of 7 Li is sensitive to the 2 H(p, γ) 3 He, 3 He(α, γ) 7 Be, and 7 Li(p, α) 4 He reaction rates. Unfortunately, the existing experimental data have large uncertainties.
Conclusion and discussion
We have determined the rates of fourteen reactions involving lithium isotopes in the past ten years, and the BBN calculation with the expanded network shows that the attempts to solve the lithium abundance problem by measuring all the lithium involving reactions are failed. A series of failures indicate that the lithium puzzle may not be arising due to insufficient knowledge of nuclear reaction, although some reactions, such as the reactions 2 H(p, γ) 3 He, 3 He(a, γ) 7 Be and 7 Li(p, α) 4 He mentioned above, need be determined more accurately.
It is very important to investigate the BBN model more carefully. The improvements of the lithium observations in very metal poor stars could also help us to solve the lithium problem. Very recently, J. C. Howk et al. reported their observation of interstellar lithium in the low-metallicity small Magellanic cloud [20] . The present-day 7 Li abundance is nearly equal to the BBN predictions. Measurements of 6 Li in stellar atmospheres are extremely difficult because the stellar line broadening is well in excess of the isotope shift. Their works give us a clue to understand the lithium puzzles.
